Abstract. Sepsis is a clinical syndrome that reflects an uncontrolled systemic inflammatory response to microbial infections. Endothelial cells, which are highly responsive to their extracellular environment, are the primary targets of sepsis-induced damage. Endothelial-mesenchymal transition (EndMT), characterized by loss of endothelial cell markers and gain of mesenchymal cell markers, contributes to embryonic cardiac formation as well as development of various diseases. We showed that incubation with septic serum induced a rapid loss of endothelial barrier integrity in a human umbilical vein endothelial cell (HUVEC) monolayer. Notably, exposure to septic serum triggered EndMT in HUVECs, companied by increased cell motility and invasion. Furthermore, membrane proteomic analysis was applied to analyze the key mediators in septic serum-induced EndMT. A total of 29 proteins with altered expression level were positively identified. Expression of four proteins with the most significant alteration, including caveolin-1, S100A4, α-enolase and galectin-1, were validated by western blotting. Finally, we showed that restoration of caveolin-1 expression markedly attenuated septic serum-induced EndMT in HUVEC cells. This is the first report showing that endothelial cells undergo EndMT during sepsis. The present study may lead to a better understanding of the biological role of endothelial cells and caveolin-1 during sepsis.
Introduction
Sepsis, which reflects an uncontrolled systemic inflammatory response, is among the most significant challenges in critical care, with an estimated incidence of nearly 800,000 cases/year, and a mortality rate of 25%, and up to 60% when shock is present (1) . This syndrome usually includes at least two of the four signs of a systemic inflammatory response syndrome (SIRS): fever or hypothermia, tachycardia, rapid breathing, hyperleukocytosis or leukopenia (2) . The pathophysiology of sepsis involves dysfunctions of complex interactions of signal pathways and impairment in host responses to pathogen-associated molecular patterns, resulting in chaos in inflammatory cytokine production, adhesion molecule expression, respiratory burst, and production of reactive nitrogen species (3) .
Endothelial cells, which are highly responsive to their extracellular environment, are the primary targets of sepsisinduced damage (4) . Exposure to septic serum, which contains lipopolysaccharide and abnormal levels of cytokines, chemokines and irons, lead to extensive endothelial dysfunction, manifested by a shift from the hemostatic balance towards a procoagulant phenotype, elevated leukocyte adhesion and abnormal regulation of vasomotor tone (5) . Notably, it is known that progressive subcutaneous and body-cavity edema, usually leading to impairment of organ function, typically develops in patients with sepsis, suggesting wide-spread increases in vascular permeability (6) . Although increased endothelial permeability has long been considered as a critical step in sepsis-associated organ failure, the underlying molecular mechanisms remain relatively unknown.
Endothelial-mesenchymal transition (EndMT), similar to epithelial-mesenchymal transition, is characterized by loss of endothelial cell markers, such as VE-cadherin and platelet endothelial cell adhesion molecule-1 (PECAM-1, also known as CD31), and gain of mesenchymal markers, such as α-smooth muscle actin (α-SMA) and vimentin (7) . During EndMT, resident endothelial cells delaminate from a polarized cell layer and migrate into the underlying tissue (8) . Although EndMT is considered as an essential mechanism of endocardial cushion formation during cardiac and pulmonary development (9) , recently, accumulating evidence has linked EndMT to various diseases. It is reported that loss of cell-cell junctions and acquisition of invasive and migratory properties during EndMT have also been linked to disruption of the endothelial barrier (10) . Furthermore, a great portion of fibroblasts in rodent models of renal diseases was found to co-express the endothelial marker CD31 and the fibroblast/myofibroblast markers, fibroblast-specific protein-1 and/or α-SMA (11) . Furthermore, a significant number of fibroblasts raised from bleomycin-induced pulmonary fibrosis were of endothelial origin (12) . However, whether EndMT occurs during sepsis is relatively unknown.
Membrane-associated proteins, either embedded in the lipid bilayers or anchored to the membrane, possess multiple functions, including signal transduction, protein or iron transport, cytoskeleton assembly and cell adhesion (13). 2-DE-based proteomic approaches enable identification of alterations in membrane protein expression, allowing proteome-wide profiling of cellular responses upon stress (14) . In this study, barrier integrity of a HUVEC monolayer was rapidly decreased by incubation with serum derived from sepsis patients. Notably, exposure to septic serum induced clear EndMT in HUVECs. Furthermore, proteomic analysis was introduced to screen for cellular alterations underlying septic serum-mediated EndMT, and caveolin-1 was identified as a key factor.
Materials and methods
Ethics statement. The study was approved by the Institutional Ethics Committee of Sichuan Academy of Medical Sciences and Sichuan Provincial People's Hospital. All participants provided written informed consent prior to sampling.
Clinical samples. The blood samples of sepsis patients and normal healthy donors were collected from Sichuan Provincial People's Hospital. Sepsis was diagnosed according to the criteria of the American College of Chest Physicians/Society of Critical Care Medicine (25) . The blood samples were centrifuged at 900 x g for 10 min at room temperature, and the cell-free supernatants were stored immediately in aliquots at -80˚C until use.
Cell culture and septic serum treatment. Human umbilical vein endothelial cells (HUVECs) were purchased from ATCC and were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco, USA) containing 10% fetal calf serum (Gibco, USA), penicillin (100 U/l) and streptomycin (10 mg/l). Cells were incubated in a humidified atmosphere containing 5% CO 2 at 37˚C and passaged every 5 days at a split ratio of 1:4 using trypsin. For assessment of the effect of septic serum on endothelial cells, confluent HUVECs were incubated with DMEM medium containing 20% septic serum for the indicated time. Those HUVECs treated with DMEM medium containing 20% healthy serum were used as the control group.
Determination of endothelial barrier dysfunction. HUVECs were seeded on 0.4-mm pore size culture inserts and were cultured until confluence was reached. The cells were treated with the medium containing septic serum for the indicated time, and the medium was replaced with fresh medium containing blue dextran dye (2.3 mg/ml). Fifty milliliters of basolateral medium was sampled after 12 h of incubation, and was measured using a microplate reader (Safire; Tecan, Morrisville, NC, USA) at 610 nm.
Cell migration and invasion assays. In vitro cell migration and invasion assays were performed using Transwell 24-well chambers (Corning). Cells were seed in the upper chamber. For monitoring cell invasion, the upper side of the filter was pre-covered with Matrigel (Collaborative Research, Inc., Boston, MA, USA). After 12 h for the migration assay or 24 h for the invasion assay, cells on the upper side of the filter were removed and those cells on the underside of the filter were stained with crystal violet, and counted with an inverted microscope (Zeiss Axiovert).
Immunocytofluorescence. Cells were washed with phosphatebuffered saline (PBS) (pH 7.4) three times and fixed in 4% paraformaldehyde at room temperature for 10 min. After washing three times in PBS, the slides were incubated with 3% bovine serum albumin for 30 min and then incubated with the primary antibodies for 2 h at room temperature. After washing for three times, the slides were incubated with secondary antibody conjugated to TRITC for 30 min at room temperature. The specimens were analyzed via a fluorescence microscope.
Membrane protein purification and 2-DE analyses.
Cells (10 9 ) were harvested and re-suspended in homogenization buffer (50 mM HEPES, pH 7.4, 1 mM CaCl 2 , 1 mM EDTA, 1 mM vanadate, and 1 mM phenylmethylsulfonyl fluoride). After cells were broken down using a Dounce homogenizer (Wheaton), the cell samples were centrifuged at 3,000 x g for 10 min at 4˚C to remove nuclei. The supernatant was then mixed with 80% (w/v) sucrose, and overlaid with sucrose at gradient concentrations, including 35, 30, 25, 20, 15, 10 and 5%. The gradients were centrifuged at 200,000 x g for 24 h at 4˚C. After centrifugation, two bands that appeared in the upper middle region of the tube were collected, diluted in PBS, and centrifuged for 166,000 x g for an additional 2 h at 4˚C. The pellets were suspended in lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS) containing protease inhibitor mixture 8340 (Sigma). Protein concentrations were determined using the DC protein assay kit. Protein samples were applied to IPG strips (all were from Bio-Rad) for 16 h of rehydration. After rehydration, the strips were submitted to IEF, and then equilibrated in equilibration buffer I (containing 130 mM DTT) and II (containing 200 mM iodoacetamide) for 15 min, respectively. The second dimension was performed using 12% SDS-PAGE, and the gels were stained using CBB R-250 (Merck). The gels were scanned using the Bio-Rad GS-800 scanner (400-750 nm), and alterations in protein spots were analyzed using PDQuest 2-D analysis software (Bio-Rad). In-gel digestion of proteins was carried out using mass spectrometry grade Trypsin Gold (Promega, Madison, WI, USA) according to the manufacturer's instructions. Mass spectrum analysis was performed using a Q-TOF mass spectrometer fit with an ESI source (Waters). The MS/MS data were processed with MassLynx v. 4.1 software (both were from Micromass, Manchester, UK) which converted MS/MS data into PKL files. The PKL files were analyzed using the online Mascot search engine (http://www.matrixscience.com).
Western blotting. Cell samples were lysed with RIPA buffer and quantified by the DC protein assay kit (Bio-Rad). Protein samples were separated by 12% SDS-PAGE and transferred to PVDF membranes (Millipore). The membranes were incubated with 5% FBS overnight at 4˚C, and subsequently probed with primary antibodies: mouse anti-caveolin-1 (diluted 1:1,000; Santa Cruz Biotechnology, Inc.), rabbit anti-galectin-1 (diluted 1:1,000), rabbit anti-α-enolase (diluted 1:2,000), rabbit anti-S100A4 (diluted 1:2,000) (all were from Abcam). After washing for three times, the membranes were then incubated with secondary antibody conjugated to horseradish peroxidase (diluted 1:10,000; Santa Cruz Biotechnology, Inc.) for 2 h at room temperature. Blots were visualized using enhanced chemiluminescence reagents (Amersham Biosciences). β-actin was used as an internal control.
Statistics analysis. Differences between two groups were assessed by the Student's t-test at P<0.05; P<0.01; or P<0.001.
Results

Septic serum decreases endothelial barrier integrity.
Previous studies have shed light on the loss of endothelial barrier integrity under sepsis (15) ; however, the molecular mechanisms underlying this process are relatively unknown. As an initial test, we sought to determine whether incubation with the serum derived from sepsis patients could alter endothelial barrier integrity. To this end, HUVECs were used as an in vitro model, and septic serum was obtained from 17 sepsis patients. The detailed information of these patients is listed in Table Ι. As results, exposure to septic serum for 12 h resulted in a significant decrease in HUVEC monolayer integrity (Fig. 1) .
Septic serum induces EndMT in HUVECs.
To elucidate septic serum-induced leakage in HUVEC monolayer, we determined the vitality of HUVECs exposed to septic serum. However, by TUNEL assay, no difference in the number of apoptotic cells was found between the septic serum-treated cells and untreated control after a 12-h incubation, although an increased cell death was noted after 36 h of incubation (data not shown). These observations suggest that endothelial barrier dysfunction induced by a 12-h exposure to septic serum may not be due to endothelial cell death.
Since tight junction proteins, which seal the paracellular spaces between cells and contribute to endothelial barrier function, are frequently repressed during the EndMT process (10), we examined whether septic serum induced EndMT in endothelial cells. Μarkedly reduced expression of endothelial cell marker, CD31, and increased expression of mesenchymal cell markers, vimentin and α-SMA, were detected by immunoblot analysis in the septic serum-treated HUVECs compared to the control cells (Fig. 2A ). These observations were further supported by both loss of CD31 on the cell membrane and an increase in vimentin in the cytoplasm (Fig. 2B) . Additionally, both migratory and invasive capability of HUVECs were elevated after treatment with septic serum, as shown by the Transwell chamber migration (Fig. 2C) and Matrigel invasion assays, respectively (Fig. 2D ). These observations suggest that septic serum induces EndMT in endothelial cells.
Proteomic profiling of endothelial cells under septic stimuli.
To further explore the mechanism of septic serum-induced EndMT in endothelial cells, 2-DE-based proteomic analysis was employed to profile the differentially expressed membrane proteins between septic serum-treated and untreated HUVECs. Representative 2-DE maps from seven parallel experiments are shown in Fig. 3A . As a result, a total of 29 protein spots were identified with an altered expression level. Among them, 18 spots were downregulated in response to septic serum, while 11 spots were upregulated. Fifteen representative altered spots were boxed and enlarged with the surrounding area (Fig. 3B) . The selected protein spots were then subjected to and identified by MS/MS analysis. As a result, all of the 29 spots were positively identified. The altered proteins were involved in diverse biological processes, including signaling transduction, cytoskeleton assembly, metabolism and adhesion, and the majority of these proteins were reported as membrane proteins according to ExPASy protein database. The detailed information of eight proteins with the most significant alterations are listed in Table II .
Validation of the altered proteins.
To confirm the proteins exhibiting altered levels as revealed by proteomic analysis, the expression levels of four proteins with the most significant alterations, including caveolin-1, S100A4, α-enolase and galectin-1, were examined by immunoblot analysis. S100A4 was found to be upregulated, while the level of caveolin-1, α-enolase and galectin-1 were downregulated after septic serum treatment, which was in accordance with our proteomic analysis (Fig. 4) .
Caveolin-1 is a negative regulator of EndMT during sepsis.
Caveolin-1 was previously found to be involved in EMT in either normal epithelial cells or cancer cell lines (16) (17) (18) . Therefore, we aimed to ascertain whether caveolin-1 has a role in septic serum-induced EndMT in HUVECs. To this goal, HUVECs were transfected with a caveolin-1-expressing vector prior to exposure to septic serum. As shown, septic serum-induced overexpression of vimentin and α-SMA, and reduction of CD31 was substantially abolished upon increased caveolin-1 expression compared to mock control cells (Fig. 5A ). These observations were further accompanied by markedly attenuated migratory and invasive capability of the HUVECs, as demonstrated by Transwell chamber migration (Fig. 5B) and Matrigel invasion assays (Fig. 5C ), respectively. 
Discussion
Endothelial cells are involved in various aspects of vascular biology, such as maintenance of endothelial barrier integrity (4) . Endothelial dysfunction which results from direct exposure to various types of stress, such as inflammatory mediators and microbial antigens, is universal in sepsis (19) . In the present study, we evaluated endothelial dysfunction as a result of septic serum stimuli. We demonstrated that treatment with the serum derived from patients with sepsis induced a rapid decreased in the barrier integrity of a HUVEC monolayer. Notably, endothelial barrier dysfunction mediated by a 12-h exposure to septic serum was not due to increased cell death, since a detectable increase in HUVEC apoptosis was not observed until 36 h of incubation. We further demonstrated that septic serum triggered EndMT in HUVECs, as revealed by repression of CD31 and overexpression of α-SMA and vimentin, which was accompanied by enhanced cell motility and invasiveness. This is the first study to report that endothelial cells undergo EndMT during sepsis. Furthermore, our data indicate that EndMT may contribute to septic stimuli-induced endothelial barrier dysfunction. A small but increasing number of studies have shed light on the regulatory signaling network of EndMT. It is reported that Snail is required for TGF-β-induced EndMT of embryonic stem cell-derived endothelial cells (MESECs) and that transient expression of Snail induced the differentiation of MESECs into mural cells, whereas knockdown of Snail expression abrogated TGF-β-induced mural differentiation of MESECs (20) . Inhibition of Smad3, a crucial node protein in TGF-β signaling cascade, by a chemical antagonist, blocked EndMT in pancreatic microvascular endothelial cells, leading to a significant delay in the early development of streptozotocininduced diabetic nephropathy (21) . Moreover, endothelin-1 has also been suggested as an EndMT inducer in cardiac fibrosis in diabetic hearts (22) . In the present study, 2-DE-based proteomic approaches were employed to analyze the potential mediators of EndMT under sepsis, and 29 proteins with significant alterations were identified. Four proteins, including caveolon-1, S100A4, galectin-1 and α-enolase, were selected and validated at the protein level.
Caveolin-1 is a 21-to 24-kDa cholesterol-binding membrane protein and is the major scaffolding component of caveolae (23) . Abnormal expression of caveolin-1 has long been implicated during EMT, which is a process similar to EndMT. It is reported that downregulation of caveolin-1 by chronic exposure to EGF leads to the loss of E-cadherin, and enhanced epidermoid carcinoma cell invasion (16) . Consistently, it has been shown that caveolin-1 promotes pancreatic cancer cell differentiation by suppression of EMT via upregulation of E-cadherin expression (17). Nevertheless, an enhanced level of caveolin-1 was observed in both human embryonic carcinoma cell line NT2/D1 and normal mouse mammary epithelial cell line NMuMG following the induction of EMT. Upregulation of caveolin-1 in these two cell models was probably mediated by activation of focal adhesion kinase (FAK) and Src, two known tyrosine kinases involved in EMT (18) . Although both EMT and EndMT give rise to cells that have a mesenchymal phenotype (24) , the role of caveolin-1 in EndMT is still uncharacterized. Based on our data, exogenous expression of caveolin-1 in HUVECs markedly blocked septic serum-induced EndMT, by retrieving expression of CD31 and repressing expression of both α-SMA and vimentin. In correlation, increased migratory and invasive capability of HUVECs was markedly attenuated upon caveolin-1 expression. Therefore, it is reasonable to infer that caveolin-1 functions as a negative regulator of EndMT in response to septic stimuli.
In summary, we reported that exposure to septic serum induced EndMT and conferred a migratory and invasive phenotype on endothelial cells. Furthermore, we profiled the proteomic alterations in endothelial cells undergoing septic stimuli, and 29 proteins with differentially expressed levels were identified. Finally, we demonstrated that exogenous expression of caveolin-1 attenuated septic serum-induced EndMT as well as migratory and invasive capability in HUVECs. The present study may lead to a better understanding of the biological role of endothelial cells in the pathophysiology of sepsis.
